We study interfacial water trapped between a sheet of graphene and a muscovite (mica) surface using Raman spectroscopy and ultra-high vacuum scanning tunneling microscopy (UHV-STM) at room temperature. We are able to image the graphene-water interface with atomic resolution, revealing a layered network of water trapped underneath the graphene. We identify water layer numbers with a carbon nanotube height reference. Under normal scanning conditions, the water structures remain stable. However, at greater electron energies, we are able to locally manipulate the water using the STM tip.
progress towards putting some of these controversies to rest, 6, [11] [12] [13] [14] but atomic-resolution imaging of the interface had not yet been achieved.
Graphene 6, [15] [16] [17] [18] [19] [20] has already been extensively characterized by surface imaging techniques on a variety of substrates, [21] [22] [23] [24] [25] [26] but only recently has it started to see use as a template for studying other molecules, 13, 27, 28 Graphene is ideal for coating and trapping volatile molecules for both scanning probe microscopy 13, 27, 29 and electron microscopy 28 studies in that it is conductive, chemically inert, impermeable, 30 and atomically conforms to most substrates. 31 In this letter, we build upon the work performed by Xu et al. 13 and use the atomic resolution and cleanliness of the ultrahigh vacuum scanning tunneling microscope (UHV-STM) to characterize water confined between monolayer graphene and the mica surface at room temperature. Unlike previous studies of graphene on mica, 6, 13, 14, 27, 29, 31, 32 we use graphene grown on copper via chemical vapor deposition (CVD) 33, 34 rather than graphene mechanically exfoliated from graphite. 19 While CVD graphene is inferior to exfoliated graphene in terms of carrier mobility, this drawback is offset by the ability to manufacture large, monolayer sheets and transfer them onto arbitrary substrates. 34 Our CVD process uses a methane-to-hydrogen partial pressure ratio of 2:1, as lower ratios give higher monolayer coverage. 35, 36 Previous work 33 and the supporting information give more details on our growth procedure. We transfer graphene to mica with polymethyl methylacrylate (PMMA) and use successive deionized (DI) water baths to clean the graphene films from etchant contamination. The final transfer occurs on a freshly cleaved mica surface within a DI bath in contrast to previous graphene-water-mica studies. 13, 27, 29 In this total water immersion, we expect there to be a high amount of water initially trapped under the graphene film. We subject the samples to 60° C heating for 5 min in air to bring the PMMA-graphene system into intimate contact with the mica, driving out most of the excess water and achieving strong graphene adhesion. 37 Wet transfers had larger area coverage than dry transfers, thereby allowing STM experiments to be conducted. Thus, the water plays a critical role in bringing the graphene and mica into contact, similar to CNT film transfer. 38 After we transfer graphene onto water-coated mica, we confirm its presence by optical imaging and spectroscopy. After loading into UHV, we degas the samples at ~650-700° C for several hours to remove surface adsorbates and contaminants. Figure 1a gives an optical image of the STM sample with a tear in the monolayer film. Within Figure 1c , we show point Raman spectra (λ exc = 633 nm) of graphene on mica.
We transferred graphene in water and using a modified dry transfer 46 process (see the supplemental information). For the graphene-coated water on mica, we show Raman spectra before and after a UHV high temperature degas at ~650 °C. We also give Raman spectra of the bare mica for reference. All graphene spectra are monolayer, as determined by the peak height I 2D /I G ratio, 45 the 2D band position, and the 2D full width at half maximum (FWHM). 46 The dry transferred graphene possesses a G band at ω 53 The 2D band, however, shifts from ω 2D,b = 2651 cm -1 to ω 2D,a = 2666 cm -1 after the degas, the opposite direction of what is expected for the elimination of a p-type dopant. 53 Our analysis shows that the compressive strain required to satisfy the 2D band upshift post degas would subsequently upshift the G band, the opposite of what we observe. We give further discussion in the supplemental information.
We hold that our 2D band upshift is due to local graphene band structure modification by strongly adsorbed PMMA at defects, similar to a previous report of annealed PMMA on graphene. 54 These effects are not seen in our STM measurements but are observed in the Raman measurements, as each method has different fundamental length scales. As discussed in the supplemental information, the quasi-parabolic band structure of the PMMA/graphene decreases the Fermi velocity, thereby blue-shifting the 2D band strongly and barely modifying the G band. 55 Furthermore, the invariance of the peak height I 2D /I G ratio before and after the degas suggests that we have not introduced additional dopants in our processing. 53 Thus, the post-degas Raman point spectrum is characteristic of CVD graphene on water on mica. Still, we provide spatial mapping to strengthen this conclusion further. Figure 1d gives a histogram of the G band position before the degas, a Gaussian distribution centered at 1596 cm -1 (population mean of ω G,b = 1595.0±8.9 cm -1 , n = 89). A previous report 6 showed that the G band for graphene on bare mica is around ω G ~ 1595 cm
Despite the similarity in G band position, we hold that many layers of water are encapsulated by the graphene during water-based transfer, as shown in Figure 1b . The introduction of this water, combined with its stability on mica, 56 makes it unlikely that we have graphene on bare mica during our Raman measurement. Before the degas in UHV, we find that STM imaging of the surface is unstable, which we attribute to adsorbed contaminants. Therefore, the high value of the G band position likely originates from remaining p-type PMMA residue 57 If graphene were p-type doped by the bare mica, we would expect a strong shift in the graphene Fermi level in scanning tunneling spectroscopy (STS) measurements. We do not see this, which we discuss in the supporting information.
Scrutinizing the G band FWHM carefully raises the concern of inhomogeneous broadening 50 in the Raman spot. The large spatial sampling over which the data in Figures 1c and 1d is collected makes it unlikely that the downshift in the G band and its broadened FWHM result from inhomogeneous broadening. However, if the thermal degas introduces wrinkles into the graphene, on a scale larger than the STM images but smaller than the Raman spot, inhomogeneous broadening could occur, thereby increasing the G band FWHM. Thermally induced wrinkles in graphene and their effects on Raman were previously studied, 58 making this outcome feasible. However, we believe that doping is the dominant effect for the trends observed, but we cannot rule out inhomogeneous broadening entirely.
In presence of the grain boundary is not surprising, as CVD graphene is known to be polycrystalline, 59 ,60 but it is interesting to note that the water does not appear to preferentially congregate along the boundary. In light of recent AFM data suggesting that adsorbed water prefers to form droplets instead of layers centered on defects on hydrophobic surfaces, 29 we can conclude that the hydrophobicity of the CVD graphene covering has little effect on the underlying water structure.
It is possible that our high temperature degas in UHV induces strain in the graphene as the water escapes, which could deform the graphene 61, 62 and influence the water structure that we observe. However, a recent AFM study demonstrated that water easily escapes from the edges of the graphene-mica interface, 14 which would imply that most of the volatile water would have already escaped during the pump-down (0% relative humidity) process before degas. Also, the presence of intact low-angle grain boundaries 63 suggests that the remaining water does not exert enough pressure when heated to seriously damage the graphene. We do not notice any major changes in the surface structure for degas times ranging from 5 hours to 30 hours. Temperatureinduced stress deformities are generally large-scale wrinkles and should not affect the small surface features that we observe, such as the protrusions out of the top water layer. 62 The protrusions range from several angstroms to over one nanometer tall, and they only appear on the second or third water layer. This implies that their formation is dependent on the underlying water structure rather than on the graphene coating. A more likely explanation for these protrusions would be that they are water-surrounded contaminants or perhaps nano-droplets that have nucleated out of defects in the mica. They could also be additional layers of water which have started to exhibit bulk-like behavior due to their increasing distance from the mica surface.
Molecular dynamics simulations and x-ray reflectivity data have indicated that water layers on mica cease to be easily distinguishable starting at around 1 nm away from the mica surface. 56, 64 The water structures are also extremely stable over the course of our experimental observation (several days for some areas), regardless of the water layer or protrusion size.
We measure the exact number of trapped water layers by first sandwiching single-walled carbon nanotubes (SWCNTs) between the graphene and mica. The SWCNTs are deposited onto the mica via ex-situ dry contact transfer 65 (DCT) before the graphene covering is applied. The mica is heated during DCT to ensure that any water is removed and the SWCNTs come into direct contact with the mica surface. We use HiPco SWCNTs with very narrow diameter distribution centered on 1 nm, 66 which means that we can use the measured height of these nanotubes to extract the number of water layers. A STM topograph of a water-immersed SWCNT sandwiched between graphene and mica is shown in Figure 3a . Only part of the SWCNT is shown in the 43 nm by 43 nm scan; the total length of the nanotube is approximately 100 nm. There is a monolayer of water trapped between the SWCNT and the graphene coating, and this layer is removed using the STM tip before the height measurements are taken. More detail on this process can be found in the supplemental material. Figure 3b shows a height profile taken at the dashed red line marked in Figure 3a . The height of the second water layer is measured to be ~3 Å and the difference in height between the SWCNT and the first water layer is ~6 Å. Due to convolution with the tip geometry, the measured width of the SWCNT appears much broader than it actually is, but the height is unaffected by tip convolution and is a good gauge of the actual nanotube dimensions. Figure 3c shows a cartoon illustrating the different layer dimensions. The dotted blue arrows represent measured dimensions (2 nd water layer height, difference in CNT height), the solid black arrows represent known dimensions (graphene height, total CNT height), and the dashed red arrows represent the calculated dimensions (1 st water layer height). Taking the difference between the measured height of the SWCNT (~6 Å) and the known height of the SWCNT (~10 Å), we can calculate the height of the water layer, which turns out to be ~4 Å. This means that there is only 4 Å of water between the bottom layer of the image that we show in Figure 4a and the mica surface. This corresponds to approximately one layer of water and matches well with previous AFM data. 6, 13 In Figure 4 , we present some statistics on the height and roughness of the water layers that we have sampled. These histograms include data from different regions on the same sample as well as data from several different samples. Figure 4a shows the height distribution of the second water layer. The heights are spread over a wide range (average of 3.5 Å), suggesting that this layer does not have a definite crystal structure. This observation is further corroborated in Figure 4b , which shows the roughness distribution of the water layers. The roughness of the second water layer again has a very wide range, suggestive of an amorphous structure. In contrast, the roughness of the first water layer is narrowly distributed and centered around 15
pm, similar to previous AFM measurements. 13 To further explore the nature of the water trapped under the graphene monolayer, we attempt to manipulate the surface by standard STM nanolithography techniques. [67] [68] [69] Prior work demonstrated that water films on mica could be perturbed using an AFM tip 70 at room temperature, though such manipulation has not been demonstrated with a graphene coating. STM manipulation of water films at room temperature had not been possible until now, but manipulation of water at cryogenic temperatures had been previously reported.
71-74 Figure 5 shows the creation of local pinholes in the amorphous second and third water layers. Like the non-modified water, the induced pinholes are also extremely stable over time.
The topographs and associated height contours show that the created pinholes penetrate all the way through to the water layer below while leaving the graphene undamaged. The size of these pinholes can be partially controlled by adjusting the electron dose and bias potential, though their shapes tend to be non-uniform and somewhat random. We are able to manipulate the water layer at both positive (Figures 5a and c) and negative (Figures 5b and d) sample bias, whereas existing work only report successful manipulation at positive sample bias. [71] [72] [73] [74] Of course, all previous STM manipulation work has been performed on metal substrates, where it is hypothesized that the metal surface states mediate the excitation of the water, 72, 75 so it is likely that our mechanism for manipulation is quite different.
The locality of the patterns, even through bilayer graphene, implies that the tunneling electrons are bypassing the graphene coating and directly interacting with the water hydrogen bonds. The non-uniformity and randomness of the patterns also suggest that the electrons are traveling a small distance through the water after injection. The fact that we observe water manipulation at both positive and negative sample bias rules out an electric field effect, since the water always moves away from the tip, independent of field direction. Attempts to move the tip closer to the surface under zero bias showed us that manipulation did not occur as a result of the tip pushing into the water layer. Inelastic electron tunneling (IET) into the amorphous water layer does not explain the non-uniformity and the tendril-like spreading of the patterns, as all of the patterning should be localized to right under the tip apex. It is possible that the tendril-like patterns are being created by joule heating as the tunneling electrons dissipate through the water layer. The exact effect that the graphene has on these tunneling electrons as well as the states that these electrons are using is not obvious from our current data, and it will be the subject of a future systematic study.
Similar to previous AFM work, 13 we are unable to manipulate the first layer of water.
This is most likely due to its crystalline structure and its strong adherence to the hydrophilic mica surface. However, we do not believe the crystalline structure of the first water layer to be ice Ih, as previously claimed. 13 Ice Ih has a hexagonal lattice structure, which should form a hexagonal moiré pattern with the graphene lattice, depending on their relative alignment. We have imaged many different graphene orientations over the course of our experiments, but have never observed a moiré pattern exclusive to the first water layer. The hexagonal moiré patterns that we did observe were due to the presence of stacked graphene and were visible over all the water layers (see supporting information).
A possible explanation for the structure of the first water layer is that while it does not have a well-defined, periodic crystal structure, it is strongly bound to the mica surface. The hydration layer on mica has been the subject of many theoretical 64, 76 and experimental studies, 8, 10, 56 though its exact thickness and behavior are still contested. 9, 11 From our data, as well as previous research, 6, 12, 13, 56, 64 we argue that the thickness of the hydration layer on mica is ~1 nm, and is split into three distinct water layers. The first water layer is strongly bound to the mica surface, with a thickness of ~4 Å. This layer cannot be manipulated, and exhibits properties similar to a crystalline solid. The second and third water layers, on the other hand, while still more viscous than bulk water, are much more amenable to manipulation than the first layer.
They are stable in equilibrium at room temperature, but high tunneling conditions can break bonds and cause them to rearrange. Beyond layer three, the water begins to exhibit bulk-like behavior as the layers start to blend together.
In summary, we performed UHV-STM at room temperature on few-layered water trapped between monolayer graphene and mica. The graphene coating keeps the water stable on the surface and protects it from high temperature processing in vacuum, but does not otherwise perturb or alter the water bonding structure, even at the higher defect-density grain boundaries.
We observe up to three layers of water trapped between the graphene and mica, with the first layer being strongly bound while the second and third layers are amorphous. We also demonstrate the ability to manipulate the amorphous water layers using the STM tip. This work demonstrates the feasibility of using CVD graphene coatings for nano-templating in high resolution STM studies as well as furthering our understanding of water behavior near the mica surface. Graphene-coated water will allow further STM-based research of other aqueous suspended structures, such as biomolecules in water.
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Supporting Material
We include the following: experimental methods; optical microscopy images; additional Raman spectra and analysis; STM images of turbostratic bilayer graphene; scanning tunneling spectroscopy (STS) data for graphene on water on mica; the procedure used for height and roughness analysis of our water layers; and graphene grain boundary imaging by STM. This material is available free of charge via the Internet at http://pubs.acs.org. Cartoon showing how we determine the heights of each of the water layers in this image. The dotted blue arrows are the values that we measured in (b): 3 Å for the second water layer and 6 Å for the part of the SWCNT above the first water layer. The black arrows are the heights that we know from external references: ~3 Å in height for monolayer graphene and ~1 nm for our HiPco SWCNTs. The red arrows represent the heights that we derived from our known quantities. Knowing the total height (~1 nm) of our SWCNT and how much it juts out of the first water layer (~0.6 Å), we can subtract and determine that there is indeed only one layer of water between the graphene and mica, and that the height of this layer is ~4 Å. Scanning conditions were -0.35 V sample bias and 1 nA tunneling current. Histogram of the roughness distribution for the three water layers that we have observed. This data was collected from the same four samples as the height measurements. We see that the roughness distribution of the first water layer is fairly narrow and centered at approximately 15 pm, similar to AFM measurements reported previously. The roughness distribution for the second and third water layers, however, similar to the height distribution of the second water layer, is very spread out without a clear trend. This suggests that while the first layer may have a more well-defined structure, the second and third layers are amorphous. The created pinhole is non-uniform, though it is localized to where the tip was centered. The dotted yellow line shows the outline of the original pinhole from (a), and we can see that this pinhole was also slightly enlarged after the manipulation. (d) Topographic image of the same area in (b) after nano-manipulation at negative sample bias. Similar to the positive bias case, the pinhole is again non-uniform, and appears to propagate in a random direction. (e) and (f) Height contours showing that for both the positive and negative bias case, the pinholes penetrate down to the water layer below. Scanning conditions were -0.35 V sample bias and 1 nA tunneling current.
